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Laser ion source

Al Au Li Ca Si Ti Fe C

Å Any types of ions can be produced from solid material

ÅPulsed source, no working gas. No ñmemory effectò of 

previous pulsed ion beam

Å Fast species switch (within seconds, 130 switches/day)

Au for RHIC

Targets for NSRL



Plasma production by laser ablation process

Plasma generation

ÅLaser energy absorption and evaporation in a skin layer of a solid target

ÅLaser energy absorption by electrons in plasma by Inverse Bremsstrahlung absorption

Å Ionization of atoms and ions in plasma by electron impact

ÅRecombination processes  in plasma

Plasma expansion into vacuum

ÅHydrodynamic and coulomb acceleration



Intense pulsed beam with focused laser pulse
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Advantage for ion source

Å 1A class ion beam can be produced

Å pulse width can be very short < 1 ms

Å Ions are emitted from point source -> low emittance

Application for compact neutron source is being studied.

Å After hydrodynamic expansion, plasma becomes collisionless

Å Charge state is ñfrozenò and plasma radius increases proportionally to time of flight

Å Pulse duration and beam current depends on drifting distance

Å Large number of ions (1014ï1015) are produced at target within laser pulse (<10 ns)

Å Appropriate distance is selected for beam current and pulse width

†θ ὒȟὍθ ὒ



Demand for compact accelerator driven neutron 
generator
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Recently, as old reactors are being retired, compact accelerator 
driven neutron generators are getting more desired.

Not nuclear facility
ÅNon-proliferation policies and difficulties of manufacturing

fuel elements have prevented replacement of reactor

Low cost
ÅSpallation source is expensive and machine time is limited

Wide range of applications
Å Nondestructive inspection

Å residual stress in train rails and aircraft parts

Å hidden failures of buildings and bridges

Å cargo inspection

Å Boron neutron capture therapy

Å Detector development

https://rap.riken.jp/en/labs/aptdg/nbtt/

http://www.jaea.go.jp/jaeri/english/press/991025/fig03.htm



Compact neutron sources for different intensities and 
applications
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F ig. 1. T he type, intensity, application and characterist ics of compact accelerator neutron sources.

scattering and Braggedge imaging, low energy neu-

tr on beam below about 50meV (so-called thermal

neutrons and cold neutrons) is suitable with a neu-

tr on yield of 1012 n/s as a compact neutron source.

Several systemsfor more intenseneutron beams

areunder development with theaim of boronneut ron

capture therapy (BNCT).

1.2. N eutron product i on react i ons and

target developments

Low energy nuclear reactions induced by charged

part icles are useful for neutron production with

ion accelerators. From the energetic point of view,

there are two types of reacti ons: exothermic and

endothermic. 3H(d, n)4He and 2H(d, n)3He reac-

tions are typical examplesof theformer; 7Li(p,n)7Be

and 9Be(p, n)9B react ions, of the lat ter. In the

case of the D T (deuterium-t ritium) and D

(deuterium-deuterium) reactions, very low DC volt-

age is enough to produce neutrons. In the case

of 7Li(p,n)7Be and 9Be(p, n)9B react ions, the light

nuclei should be bombarded by protons with an

energy higher than the threshold energy of 1.881and

2.059M eV, respectively. Thesereactionsby a proton

or deuteron beam from a small accelerator produce

quasi-m onoenergetic neutrons in a region from keV

to M eV [9, 10], and those quasi-monoenergetic neu-

tr ons are often used for the measurement of neutron

F ig. 2. An RI neutron detector with 252Cf [2M Bq (0.1Õg) =

2.3Ĭ105 n/ s] for water concent rat ion in thermal shielding of

pipes and reaction chambers in industr ial works.

reaction cross sections [11]. The damageand act iva-

tion of the target for ion-accelerator-basedsourcesis

rather serious, if the yield more than Ḑ1014 n/ s is

expected.

For elect ron-accelerator-based sources, a pho-

tonuclear reaction is employed to produceneutrons.

I f a high energyelectron beam is incident of a thick,

heavy mass target, bremsstrahlung radiat ions gen-

erated in the target induce photonuclear reactions

such as (ɔ, n) or (ɔ, f) react ions. A heavy metal

such as tantalum, tungsten, lead or uranium is often
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Y. Kiyanagi ñNeutron applications developing at 

compact accelerator-driven neutron sourcesò Kiyanagi

AAPPS Bulletin (2021) 31:22



Compact neutron generator with proton driver
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Å Neutron generation with 7Li(p,n)7Be or 9Be(p,n)9B

Å 2 ~ 30 MeV proton energy

Å 10 ~ 30 m long 

Å Higher neutron flux compared with other types of compact sources

LENS (Indiana University, IN, US) 

13MeV; 20mA; Iav = 0.24mA

RANS (RIKEN, JAPAN) 

Ep =7MeV;Iav =100ɛA



Neutron production with proton beam
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Å These reactions are endothermic and undesired radiations could be reduced if beam 

energy  is near the thresholds.

Å However, since the proton is lighter than target atoms, the neutrons are produced in all 

direction and only small fraction can be used.

Å Therefore, higher beam energy is used to increase neutron flux.

Y. Zuo, et al, ñNeutron yields of thick Be target bombarded with low energy deuteronsò 



Neutron source with Li ion driver
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Å If heavy ions are injected, neutrons are directed to forward direction because of the high  

center of mass velocity.

Å Neutron flux can be increased while beam energy is kept near the threshold.



Neutron source with Li ion driver
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Advantage

Disadvantage without laser ion source

Measured (symbols) and calculated (lines) 

angular distribution of neutron flux using beams 

from Tandem Tandem ~ mA, ECR ~ mA

M. Lebois et al., ñDevelopment of a kinematically focused neutron source with the p (7Li, n) 7Be inverse 

reaction,ò Nuclear Instruments and Methods in Physics Research Section A: Accelerators, Spectrometers, 

Detectors and Associated Equipment, vol. 735, pp. 145ï151, 2014.

Within 25 deg

Proton beam >10s mA



Intense beam production using laser ion source and 
RFQ: Direct plasma injection scheme 
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ñLaser ion source with solenoid fieldò, APPLIED PHYSICS LETTERS 105, 193506 (2014)

30 mA C6+

35 mA C4+

Å Plasma is generated by laser ablation and 

injected into RFQ.

Å Beam extraction is done in RFQ

Å No need to build low energy beam transport 

(LEBT)

High density plasma directly converted to bunched beam.


